The Bullet Cluster has provided some of the best evidence for the Λ Cold Dark Matter (ΛCDM) model via direct empirical proof of the existence of collisionless dark matter, while posing a serious challenge owing to the unusually high inferred pairwise velocities of its progenitor clusters. Here we investigate the probability of finding such a highvelocity pair in large-volume N-body simulations, particularly focusing on differences between halo finding algorithms. We find that algorithms that do not account for the kinematics of infalling groups yield vastly different statistics and probabilities. When employing the Rockstar halo finder that considers particle velocities, we find numerous Bullet-like pair candidates that closely match not only the high pairwise velocity, but also the mass, mass ratio, separation distance, and collision angle of the initial conditions that have been shown to produce the Bullet Cluster in non-cosmological hydrodynamic simulations. The probability of finding a massive, high pairwise velocity pair among halos with M halo 10 14 M is 4.6 × 10 −4 using Rockstar, while it is ≈ 45× lower using a friends-of-friends (FOF) based approach as in previous studies. This is because the typical spatial extent of Bullet progenitors is such that FOF tends to group them into a single halo despite clearly distinct kinematics. Further requiring an appropriately high average mass among the two progenitors, we find the number density of Bullet-like candidates to be 3.2 × 10 −10 h 3 Mpc −3 . Our findings suggest that ΛCDM straightforwardly produces massive, high relative velocity halo pairs analogous to Bullet Cluster progenitors, and hence the Bullet Cluster does not present a challenge to the ΛCDM model.
INTRODUCTION
Observations of merging massive clusters such as the Bullet Cluster (1E0657-56) provide a unique opportunity to test the ΛCDM paradigm. This particular object consists of two massive clusters that have recently passed through one another and are separated by 0.72Mpc on the sky at an observed redshift of z = 0.296 (Clowe et al. 2004 Bradač et al. 2006 ). This system is relatively unique due to the collision trajectory being almost perpendicular to our line of sight. Both clusters are also quite massive and hence rare, with Mparent 1.5×10
15 M & M bullet 1.5×10 14 M . Chandra X-ray observations revealed that the primary baryonic component has been stripped away from the primary mass component (identified via weak lensing) in the collision, and resides between the two massive clusters in the form of hot X-ray emitting gas (Markevitch 2006) . This evidence provided direct empirical proof for the existence of collisionless and mass-dominant dark matter .
Shock features in the gas have been used to infer the velocity of the bow shock preceding the 'bullet' (v shock = 4740 +710 −550 km s −1 ; Markevitch 2006), which was initially assumed to be approximately the infall velocity of the 'bullet' itself. Through the use of non-cosmological hydrodynamic simulations, several groups have shown that this is not necessarily the case (Milosavljević et al. 2007; Springel & Farrar 2007; Mastropietro & Burkert 2008; Lage & Farrar 2014b) . Initial halo configurations varied, with separation distances (d12) ranging from ∼ 3.4 − 5 Mpc and pairwise velocities (v12) ranging from 2057 − 3980 km s −1 at z 0.5. The most recent works set the initial halo requirements to be v12 3000 km s −1 at a separation distance of d12 5 Mpc (Mastropietro & Burkert 2008; Lage & Farrar 2014a) .
Reproducing such a massive, close, and high-v12 merging pair in large N-body cosmological simulations has proven to be very challenging (Hayashi & White 2006; Lee & Komatsu 2010; Thompson & Nagamine 2012; Bouillot et al. 2014) , potentially suggesting that the canonical ΛCDM model with Gaussian perturbations is inconsistent with the observed Bullet Cluster. Improving upon the work of Lee & Komatsu (2010) , Thompson & Nagamine (2012) calculated the probability of finding a halo pair (indicated by the subscript '12') with v12 3000 km s −1 among all halo pairs with M12 10 14 M and d12 10 Mpc to be P = 2.8 × 10 −8 . Extrapolating their cumulative v12 curve, they estimated that one would need a box size of at least (4.5h −1 Gpc) 3 to produce one Bullet-like pair. Bouillot et al. (2014) argue that the simulations of Lee & Komatsu (2010) and Thompson & Nagamine (2012) were too limited in volume ((3h
3 respectively) to properly characterise the tail of the v12 distribution. They estimated the probability of finding a Bulletlike cluster in a (21h −1 Gpc) 3 simulation to be P(v12 > 3000 km s −1 )= 6.4 × 10 −6 , which is two orders of magnitude larger than estimates by Thompson & Nagamine (2012) . However, even with an improved probability in such a large volume, Bouillot et al. (2014) did not find any halo pairs matching the initial configurations required to reproduce the observed properties of 1E0657-56 (Mastropietro & Burkert 2008; Lage & Farrar 2014a) .
The simulations analysed by Lee & Komatsu (2010) , Thompson & Nagamine (2012) , and Bouillot et al. (2014) have one crucial aspect in common: each group used a variant of the friends-of-friends (FOF) algorithm (e.g., Davis et al. 1985) to identify and group their dark matter particles into halos. It is known that FOF tends to 'over-group' the dark matter halos when the resolution of the simulation is not adequate. It is often the case that a trace amount of particles bridge the two halos, resulting in them being identified as a single dumbbell-shaped group. When the overlap between the two halos is more significant, FOF has no way of separating them into two components.
In this paper, we demonstrate that in the context of searching for a close, massive, high-v12 pair, one cannot accurately identify halos based solely on the spatial distribution of particles, as FOF does. To properly separate and identify substructures, we must also consider the particle velocities. The recently developed Rockstar halo finder (Behroozi et al. 2013 ) provides a way to do so. We use Rockstar to calculate more robust statistics and probabilities for finding a Bullet-like pair in a large cosmological N-body simulation. We find much greater numbers of such Bullet candidates than in previous works, and moreover they reasonably match the required initial configurations of Mastropietro & Burkert (2008) and Lage & Farrar (2014a) in mass, mass ratio, d12, collision angle, and v12. This paper is organized as follows: in Section 2 we detail our simulations. Section 3 details the halo finding algorithms. We present our results in Section 4. Section 5 contains concluding remarks and discussion. Note. -Summary of simulations used in this paper. M dm is the mass of each dark matter particle, and is the comoving gravitational softening length.
SIMULATIONS
For our simulations we use the GADGET-3 code (Springel 2005) , which simulates large N-body systems by means of calculating gravitational interactions with a hierarchical multipole expansion. It uses a particle-mesh method for long-range forces and a tree method for short-range forces.
Initial conditions are initialized at z = 99 using NGenIC 1 . We assume cosmological parameters consistent with constraints from the WMAP (Hinshaw et al. 2013 3 ) were ran with the same force resolution to test how the simulation volume affects our results. A summary of the simulations used in this study can be found in Table 1 .
HALO FINDERS
Identifying dark matter halos as groups of particles within simulation data is a challenging affair, and there are numerous codes with different feature sets employing different algorithms. Knebe et al. (2011) compared a number of halo finders in both cosmological and idealized scenarios. Overall, they found most to be in agreement with one another, with only subtle variations among the results. But in detail and for specific types of systems, the differences can be substantial. Here we employ two popular group finding algorithms to group dark matter particles into halos: a friends-of-friends algorithm, and a six-dimensional phase-space halo finder.
The FOF algorithm used in this study is a simplified version of the parallel friends-of-friends group finder SUB-FIND (Springel et al. 2001) . The code groups the particles into DM halos if their positions lie within a specified linking length. This linking length is a fraction of the initial mean inter-particle separation, for which we adopt a standard value of b = 0.15 (More et al. 2011) . Additional groupings with b = 0.20 were performed, whose results are briefly discussed in Section 4.3.
We also use a six-dimensional phase-space algorithm called Rockstar (hereafter RS; Behroozi et al. 2013) , which is based on an adaptive hierarchal refinement of friends-offriends groups in both positional and velocity space. This allows RS to more accurately identify substructure while maintaining accurate recovery of halo properties (see Knebe et al. 2011 , for further details).
For most situations, FOF determines halo properties to 10% accuracy (Knebe et al. 2011) . The algorithm however, is not without weaknesses. In major mergers or when subhalos lie close to the centers of their host halos, the density contrast is not strong enough to distinguish which particles belong to which halo. If the two halos have some relative motion, six-dimensional halo finders (such as RS) can additionally use particle velocity information to determine halo membership (Behroozi et al. 2013 ).
RESULTS
To search for Bullet Cluster-like halo pair progenitors, we examine our simulations at z = 0.489 to identify systems with the required initial configurations.
Halo Mass Function
To check the validity of our DM halo identification, we examine the DM halo mass function in Figure 1 . The mass functions of the two halo finders match remarkably well. This agreement is not surprising, because the virial masses calculated by RS include all substructure and should be comparable to the FOF halo masses. We truncate the FOF halo mass function at 32 particles, but we show the RS mass function below this in order to visualize the level of incompleteness owing to poor numerical resolution at low halo masses; we will only be concerned with halos 10 14 M , above which the mass function is not limited by our resolution, and in this regime there is little difference in the mass function between the two codes.
The black dashed line in Figure 1 is the Sheth & Tormen (1999) DM halo mass function at z = 0.489. Our simulations with both groupings slightly underpredict with regards to analytic theory at the low-mass end, and slightly over predict at the high-mass end. Many studies have shown that theoretical models such as Sheth & Tormen (1999) do not always agree with simulations since they do not capture the entire complexity of halo formation (i.e. Jenkins et al. 2001; Tinker et al. 2008; Robertson et al. 2009; Courtin et al. 2011) . The important point here however, is that both halo identification codes agree well with each other at M halo 1 × 10 14 M , which corresponds to a halo with approximately 40 DM particles.
Average pair mass and pairwise velocities
We calculate pairwise velocities (v12 = | v1 − v2|) for all halo pairs with d12 10 Mpc. To examine how v12 relates to the mass of the halo pair, we plot the average halo pair mass ( M12 ≡ (M1 + M2)/2) as a function of v12 in Figure 
Bradač et al. 2006)
, along with their pairwise velocity of v12 = 3000 km s −1 . We note that, in our larger volumes, RS identifies numerous potential Bullet progenitor candidates (in and around the upper right quadrant of each panel), whereas FOF identifies none.
Pairwise velocity probability distribution function
To estimate the probability of finding a Bullet Cluster candidate, the usual approach is to identify halo pairs with high relative velocities (v12 3000 km s −1 ) from among all halo pairs above a given mass threshold (M12 10 14 M ) and separated by d12 10Mpc . The Bullet Cluster, however, has a considerably higher mass, with the main cluster having a mass in excess of 10 15 M . Given that the usual criteria may not select pairs with mass ratios similar to the Bullet-Cluster, we refer to these as massive, high-v12 pairs. To more accurately sample Bullet-like candidates, we will additionally restrict our sample to pairs whose average mass is greater than 8.25 × 10 14 M . In this section we discuss the general pairwise velocity probability distribution function (PDF) of both massive, high-v12 pairs & Bullet-like candidates before discussing the number density of these objects in the following section.
Previous works have determined the probability of finding a massive, high-v12 pair to be on the order of P( 3000 km s −1 ) 10 −8 − 10 −9 (Lee & Komatsu 2010; Thompson & Nagamine 2012). Recently Bouillot et al. (2014) argued for a value two orders of magnitude larger (P 10 −6 ) through the examination of a simulation with a much larger volume (21h −1 Gpc) 3 . As we show in Section 4.2 however, identifying halos with an FOF algorithm can lead to substantially lower values of v12 (Figure 2 ) due to its inability to distinguish between substructure in merging systems like the Bullet. These lower values of v12 will have a direct impact on the resulting probabilities. Figure 3 shows the PDF and fit from our largest sim- ulation for both FOF & RS groupings of massive (M12 10 14 M , d12 10Mpc) pairs. The overall distribution is Gaussian-like, with a peak at v12 ≈ 600 km s −1 . This is comparable to the Hubble velocity for halos separated by 6.5 Mpc. The massive, high-v12 candidates lie in the extreme tail of the distribution at v12 3000 km s −1 . Hence such high velocities are only likely to arise in systems that are merging towards each other.
The probability for a massive, high-v12 candidate is the area under this curve above the velocity threshold, divided by the total area under the curve. Because this high-v12 tail is sampled by a small number of halos owing to the limited simulation volume, it may not be a fair representation of the true statistics to simply count halos above this threshold. One approach to mitigate this is to fit the PDF with an analytic function and integrate this function out to infinity. Previous works have used a Gaussian for this purpose (Lee & Komatsu 2010; Thompson & Nagamine 2012 ), but Bouillot et al. (2014) argues for the use of "Extreme Value Statistics" (Frechet 1927; Fisher & Tippett 1928; Gumbel 1935; Gnedenko 1943) since the extreme tail of the PDF can deviate significantly from a Gaussian.
Here we instead follow the approach of fitting a skewed Gaussian, but we force the fit to be very good particularly for the PDF above 3000 km s −1 . This is accomplished by allowing large fitting errors at v12 < 3000 km s −1 , and small ones at v12 3000 km s −1 . A least-square-fit then obtains a very good fit at high velocities, at the expense of a poorer fit at lower velocities. However, we do not need to use the fit at lower velocities, since there we can directly count halos within a large and representative sample. We then calculate the probability of finding a massive, high-v12 pair with desired statistics by integrating our best-fit skewed Gaussian to infinity.
We also show the skewed Gaussian fits (dashed lines) in Figure 3 . At v12 < 3000 km s −1 the fit is not good, but as shown by the inset in the upper left, the fit is much better at v12 3000 km s −1 . By integrating the fitting function from 3000 km s −1 to infinity we obtain probabilities of PRS = 4.58 × 10 −4 & PFOF = 9.95 × 10 −6 . Again, this is the probability of finding a halo pair with v12 3000 km s −1 among all halo pairs with d12 10Mpc and M12 10 14 M at z = 0.489.
Our PFOF is slightly larger than the value calculated by Bouillot et al. (2014) which may be due to our simplified approach. If we run the same analysis on FOF groupings with b = 0.20 as opposed to b = 0.15, we find P FOF,b=0.20 = 3.51 × 10 −6 , which is slightly smaller than the value of P= 6.4 × 10 −6 that Bouillot et al. (2014) obtained using b = 0.15 for their FOF groupings. Regardless of this difference, PRS remains almost two orders of magnitude higher than previous estimates using FOF.
Repeating the same exercise on the smaller boxes results in similar probabilities. For the L2250 run, we find PFOF = 4.48 × 10 −6 and PRS = 5.64 × 10 −4 . And PFOF = 3.37 × 10 −6 and PRS = 2.46 × 10 −4 for the L1125 run. Note that the distribution gets noisier with decreasing box size, hence the probabilities become more unreliable. Even so, the probabilities remain roughly similar in order of magnitude, showing that this approach is stable against reasonable box size variations.
In Figure 4 , we show the ratio between the RS and FOF PDFs in our three simulation volumes. The PDFs are very similar for v12 1000 km s −1 , but above this value the RS probability increases markedly relative to FOF, such that by v12 ∼ 3000 km s −1 it is two orders of magnitude higher. The ratio of FOF & RS PDFs in the L2250 and L1125 runs have the same trend as the L4500 run, suggesting that the statistical relation between massive FOF & RS velocity pairs does not vary drastically even in volumes as small as (1125 h −1 Mpc) 3 .
Using the methods described above, we impose an additional mass criteria of M12 8.25 × 10 14 M and calculate the probability of finding a Bullet-like halo pair within our largest volume to be P RS,Bullet−like = 1.89 × 10 −2 and P FOF,Bullet−like = 2.00 × 10 −5 . Note that with the additional mass cut we are sampling a different population of halo pairs. This results in a value of P RS,Bullet−like that is ≈ 40× larger than PRS, while P FOF,Bullet−like is only ≈ 2× larger than PFOF, indicating that a greater fraction of M12 8.25 × 10 14 M halo pairs within the RS groupings have a v12 greater than 3000 km s −1 . Nonetheless, we will show in the next section that such Bullet-like pairs are globally less frequent than massive, high-v12 pairs by an order of magnitude. A summary of these probabilities can be found in Table 2 
Number density estimation
In order to quantify whether these objects are a likely occurrence in ΛCDM, we must estimate their number densities. This will also provide predictions for future all-sky surveys that may be able to probe deeper and hence see such objects over a larger volume. In our largest volume simulation, the number of halo pairs with d12 10Mpc, M12 10 14 M , and v12 3000 km s −1 is 6 using FOF and 318 using RS. To obtain the full number density, we must additionally correct for our finite volume using the integrated PDF described in the previous sections; this results in an additional factor of 1.13 for FOF and 1.03 for RS. Dividing by our simulation volume, we thus obtain the values of nFOF = 7.43 × 10 −11 and nRS = 3.6 × 10 −9 (h −1 Mpc) −3 . We note that Thompson & Nagamine (2012) computed a number density, but to do so they needed to extrapolate their cumulative v12 distribution out to 3000 km s −1 owing to their limited volume of (2h −1 Gpc) 3 . They calculated a value of n = 3.5×10
−13 (h −1 Mpc) −3 for such halo pairs. The use of a larger volume and a better fitting function results in significantly higher values for FOF, and RS additionally provides a number density increase by more than a factor of 45.
Again the distinction must be made that the above values of n represent the number density of massive, high-v12 halo pairs. Within our largest volume simulation we find 0 FOF pairs, and 20 RS pairs that meet the Bullet-like criteria described in the previous section. We find the number density of Bullet-like halo pairs to be n RS,Bullet−like = 3.2 × 10 −10 (h −1 Mpc) −3 , i.e. an order of magnitude less than the number density of massive, high-v12 pairs (nRS). Table 2 summarizes these results.
Bullet-like pair candidates
We now study in more detail the properties of Bullet-like candidates in the simulation. Bullet-like candidate pairs are selected from our largest simulation according to the following criteria: (i) M12 10 14 M , (ii) M12 8.25 × 10 14 M , (iii) d12 10 Mpc and (iv) v12 3000 km s −1 . As mentioned in Section 4.4 we find 20 candidates within the RS groupings that meet this criteria, and zero within the FOF groupings.
We select the three most ideal Bullet-like candidate pairs from the RS groupings that best match the true Bullet Cluster mass ratio and separation distance, and examine FOF data for the same halos. The results are summarized in Table 3 . RS Bullet-like candidates #1 and #2 are each grouped into a single FOF halo. Pair three however, is identified as two separate FOF groups, but with a v12 that is less than half of its RS counterpart (and hence fails to meet the Bullet-like criteria). We note that we used b = 0.15 to group FOF halos; if we had used the canonical value of b = 0.20, FOF identifies system #3 as a single group.
By visualizing these systems we can better understand the differences between RS and FOF. In Figure 5 we project the halo particles of our candidate groups onto the x − y plane, and then bin them into hexagonal bins 2 . The number of FOF-identified particles within a given bin is indicated by the shade of each hexagon, with darker shades corresponding to more particles contained within. Additionally, we indicate the mean velocity vectors of particles within each bin by the colored arrows.
Panels (1) (2) show RS-identified mean particle velocity vectors from each bin. To accentuate the differences we also subtract the FOF halo's bulk velocity from the RS velocities. In these cases, FOF groups the two concentrations into a single halo, whereas RS separates them into two halos based on their distinct kinematics. Panel (3) only shows the smaller halo from candidate pair #3; here we also overplot the FOF velocity vectors in red. Where most of the particles lie (the dark region), the velocity vectors of RS and FOF are in the opposite direction, showing that again FOF is merging kinematically distinct components that RS separates. The resulting pairwise velocity relative to the main halo (not shown) is much smaller in the FOF case.
group by FOF; one can clearly see the 'bridge' of particles connecting the two concentrations. Arrows indicate the mean velocity of the RS-identified particles within a given bin minus the bulk velocity of the corresponding (single) FOF halo. The directions and magnitudes of the different RS groupings provides clear evidence that the single object identified by FOF is indeed two separate objects when viewed in velocity space. We do not to show FOF velocity information, but it is very similar to that of RS since the actual particles grouped into RS and FOF halos are quite similar; the difference is that, by using velocity information, RS is able to separate these systems into two distinct halos whereas FOF (which does not use velocity information) lumps them into one.
Candidate #3 is distinct since both FOF and RS identify them as two separate halos. Here we only show the smaller 'bullet' from this pair in Panel (3) of Figure 5 , since the larger halo is identified similarly by both. We further show the median velocity vectors for both FOFidentified particles (red) and RS-identified particles (blue). While some bins have similar mean velocities, others are considerably different from one another. Most notably, two of the dark center bins where the majority of the mass lies show nearly opposing velocity vectors between FOF and RS. What has happened is that there are multiple objects in this region, and FOF has overgrouped them resulting in a velocity much closer to that of the main halo (not shown). Meanwhile, RS is able to distinguish the relatively small 'bullet' that is distinct in velocity space. The overgrouping results in an FOF halo that is 7× more massive than the RS counterpart, and double in radius. Crucially, the pairwise velocity is reduced by a factor of two when compared to the RS results.
By lumping together multiple groups into a single object, the overall bulk velocity can easily get washed out. Consider this simple example: two head-on merging halos are grouped together; their bulk velocities would effectively cancel out leading to a much lower bulk velocity for the final group. When v12 is calculated between this group and others, the resulting value would be much lower than if they were considered as separate objects. This problem is exacerbated as the number of distinct objects grouped together increases. Candidate #3 is one clear example of such a process.
CONCLUSIONS
In this work we determine the probability and number density of finding systems analogous to progenitors of the Bullet Cluster 1E0657-56 within large-volume cosmological Nbody simulations. We particularly examine the difference between two popular halo finding algorithms in the context of searching for a massive, high-pairwise velocity halo pair. Our results show that halo finders that only consider particle positions (FOF) can underestimate the probability of high pairwise velocity systems, which can ultimately lead to tension with the ΛCDM model. Halo finders that additionally consider particle velocities can more robustly identify kinematically distinct substructures, resulting in greater v12 probabilities, alleviating tensions with ΛCDM.
Within our largest cosmological N-body simulation, we find the probability of producing a halo pair with v12 3000 km s −1 from among all halo pairs with d12 10Mpc, & M12 10 14 M to be PRS = 4.58 × 10 −4 when using Rock-star (RS). This value is larger by 1.6 dex than when one only considers particle positions using a friends-of-friends (FOF) halo finding algorithm (PFOF = 9.95×10 −6 ). Simulation box size still plays an important role as we show in Figure 2, but using RS, a box size on the order of (2h −1 Gpc) 3 yields similar probabilities as a (4.5h −1 Gpc) 3 box with reasonable extrapolations of the v12 probability distribution functions.
We estimate the expected number density of such massive, high-v12 objects to be nRS = 3.6 × 10 −9 (h −1 Mpc) −3 . Imposing an additional mass criteria of M12 8.25 × 10 14 M in order to identify more massive systems that are truer analogs of the Bullet Cluster, we calculate the expected number density of Bullet-like objects to be n RS,Bullet−like = 3.2 × 10 −10 (h −1 Mpc) −3 . Including this more stringent mass criterion, RS identifies 20 Bullet-like candidates within our largest simulation, wherein FOF applied to the same simulation identifies none.
By studying individual examples, we show that the differences between RS and FOF owe to the identification of more substructure by considering particle velocities. We identify three ideal candidate halo pairs from the RS dataset and examine the FOF data in the same region (Table 3 ). By not considering particle velocities, FOF tends to over-group halos and/or group together particles that are clearly different groups in velocity space ( Figure 5 ).
We do not expect to find an exact match to the Bullet Cluster within one random realization of our Universe. The more significant point is that producing such massive high-v12 pairs should no longer be considered a challenge to ΛCDM, as was suggested in Lee & Komatsu (2010) ; Thompson & Nagamine (2012) . As we have shown here, the identification of such a pair is not only possible but likely when a kinematic halo finding algorithm is used. While for the overall halo population the differences between RS and FOF are fairly minor, using particle velocity information is crucial when identifying halos in the context of this particular problem.
More broadly, this greatly ameliorates a major challenge to the ΛCDM model presented by the high progenitor pairwise velocities of the Bullet Cluster. Instead, we show that the Bullet Cluster is a rare but expected object in a ΛCDM universe. Future all-sky X-ray surveys (e.g. eROSITA) together with upcoming weak lensing surveys (e.g. LSST) will potentially identify many more Bullet-like systems to lower masses and/or higher redshifts, which can be used to further explore the nature of dark matter, and thus test the ΛCDM paradigm in more detail. At this time, however, the Bullet Cluster provides unequivocal support for the modern concordance cosmological paradigm. 8.25 × 10 14 M . All values are from our largest volume simulation. 'N' is the total number of pairs that meet said criteria, 'P' represents the probability (Section 4.3), and 'n' is the number density given in units of (h −1 Mpc) −3 . Previous works found P FOF = 6.4 × 10 −6 (Bouillot et al. 2014) , and n FOF = 3.50 × 10 −13 (Thompson & Nagamine 2012) for massive, high-v 12 pairs. Note. -Selected Bullet-like candidate pairs from our largest simulation (see Table 1 ). Rockstar candidates were chosen based on how similar they were to the initial requirements set by Mastropietro & Burkert (2008) ; Lage & Farrar (2014a) . Corresponding FOF halos were then identified based on their proximity to the chosen RS halos.
